respectively. Here, we have developed plasmids that allow delivery of mariner and 55 the production of genome saturated mutant libraries for both of these pathogens, 56 but which should also be applicable to a wider range of bacteria. High-throughput 57 screening of the generated libraries will identify mutants required for growth under 58 different conditions, including in vivo, highlighting key virulence factors and 59 pathways that can be exploited for development of novel therapeutics and 60
pleuropneumoniae is required in order to allow genome-wide analysis of fitness 80 using high-throughput sequencing methods such as Transposon Directed 81
Insertion-site Sequencing (TraDIS) that not only precisely map, but also 82 quantitatively measure the relative abundance of each transposon insertion in a 83 pool of mutants (12) (13) (14) . 84
The Himar1 (mariner) transposon, originally isolated from the horn fly, 85
Haematobia irritans, has been shown to insert randomly into the chromosomes of 86 ) using pTlacPC9, whereas no 109 transposants were recovered using pTsodCPC9 in this species. Therefore, the 110 were assembled into 160 contigs, which were ordered based on a comparison with 138 sizes that, when sequenced, mapped to unique TA dinucleotides in 8 differentgenes in the A. pleuropneumoniae MIDG2331 genome (Table 2) , and 15 different 155 sites (some intergenic) in the P. multocida MIDG3277 genome (Table 3) . 156 sequences to allow mobilization of the vector from a conjugal donor strain; and the 180 C9 hyperactive mutant of the Himar1 mariner transposase gene (20) (Table 3) . In both cases, 242 mutants were selected from only four separate mating experiments, so it is 243 possible that the four duplicate insertions mapped for the A. pleuropneumoniae 244 mutants were due to clonal expansion following insertion, even though mutants 245 were randomly selected from the primary counter selection plate. As clonal 246 expansion can skew libraries for over representation of more rapidly growing 247 mutants, steps should be taken to limit this prior to TraDIS analysis. 248
For both organisms, genes of the atp operon encoding the F0F1 ATP 249 synthase appear to be essential for anaerobic growth. In A. pleuropneumoniae, 13 250 mutants had disruptions in four genes of the atp operon (nine unique sites). In P. where it catalyses hydrolysis of succinyl-CoA to succinate (coupled to the 298 synthesis of either GTP or ATP). This enzyme also mediates the reverse reaction 299 when required for anabolic metabolism, which can be particularly important under 300 anaerobic conditions where the generation of succinyl-CoA via the oxidative 301 pathway from 2-oxoglutarate is repressed (38, 39). 302
The remaining mutants in both A. pleuropneumoniae and P. multocida havehowever further investigation is warranted to determine their possible 305
contributions. 306
It is clear from our results that we have successfully constructed a mariner 307 mini-transposon delivery vector capable of generating extremely large numbers of 308 random mutants in A. pleuropneumoniae, P. multocida, and likely in other Gram-309 negative bacteria, which is amenable to genome-wide analysis of fitness using 310
TraDIS. In preliminary experiments we have established that the pTlacPC9 vector 311 can be used in Aggregatibacter actinomycetemcomitans and Mannheimia 312 haemolytica, though it remains to be determined if the generated libraries are 313
saturating. 314
The limited number of anaerobic-essential genes, identified individually via 315 phenotypic analysis in the current study, mapped to different insertion sites, 316 including some which had not previously been associated with anaerobic growth 317 of A. pleuropneumoniae and P. multocida. This suggests that TraDIS analysis of 318 the pooled mariner libraries subjected to the same screen will identify many more 319 genes with functions contributing to anaerobic fitness. In future work, we will screen 320 our mariner libraries under different in vitro and in vivo growth conditions, 321 broadening our understanding of conditionally essential genes in the 322 Pasteurellaceae species, A. pleuropneumoniae and P. multocida. The A. 329 pleuropneumoniae clinical serovar 8 isolate used, MIDG2331, was previously 330
shown to be genetically tractable and has been fully sequenced (18). The P. 331 multocida isolate was recovered from the respiratory tract of a calf in Scotland in 332
2008, and was shown to be sequence type 13, and part of clonal complex 13, in a 333 multi-species multilocus sequence typing (MLST) study (40). This isolate, which 334 has been labeled MIDG3277 in our collection, can be found in the pubMLST 335 database (https://pubmlst.org/bigsdb?db=pubmlst_pmultocida_isolates) under the 336 isolate name 22/4. The Pasteurellaceae isolates were routinely propagated at 337 37°C with 5% CO2 on Brain Heart Infusion (Difco) plates supplemented with 5% 338 horse serum and 0.01% NAD (BHI-S-NAD). The E. coli strains used were: Stellar 339 
Construction of the mariner mini-transposon vectors 363 364
All primers are listed in Table 1 . CloneAmp HiFi PCR Premix (Takara) was 365 used to amplify sequences for cloning, and the QIAGEN Fast Cycling PCR Kit 366 (Qiagen) was used for verification of clones, using the respective manufacturer's 367 protocols. When required, blunt PCR products were A-Tailed using 5 U Taq 368 polymerase and 0.2mM dATP prior to TA cloning into pGEM-T (Promega), 369 according to the manufacturer's protocol. Also, when required, DpnI digestion was 370 used to remove plasmid DNA template from PCR products prior to cloning. All 371 ligation products and In Fusion cloning products were transformed into E. coli 372
Stellar cells (Clontech) by heat shock, according to the manufacturer's protocol. 373
A mariner mini-transposon encoding Cm resistance was constructed in 374 stages using pGEM-T as the vector backbone. Initially, the Cm cassette flankedadded DNA uptake sequences for Neisseria spp. and H. influenzae on both sidesof the cassette. The resulting 956 bp amplicon was A-tailed and cloned into pGEM-379 T yielding the plasmid pTCmDUSUSS. The mariner inverted repeat (IR) sequence 380 (TAACAGGTTGGCTGATAAGTCCCCGGTCT) was then added to either side of 381 the CmDUSUSS cassette in two subsequent rounds of PCR amplification and 382 cloning into pGEM-T. In the first round, primers CmDUSUSS_IRleft and 383
CmDUSUSS_IRright added the last 19 bases of the mariner inverted repeat to 384 either side of the cassette. The full IR sequence was then used as a primer 385 (Himar_IR) to amplify the transposon cassette prior to cloning into pGEM-T to yield 386 pTHimarCm. Finally, paired I-SceI restriction sites were added to either side of the 387 transposon by PCR using primers ISceI_left and ISceI_right, and the product was 388 cloned into pGEM-T to yield pTISceHimarCm. The full insert was sequenced using 389
M13_for and M13_rev primers prior to further modifications of the plasmid. 390
All further cloning steps were performed using the In Fusion HD cloning kit 391 IR_right_out (see Table 1 
